ABSTRACT -The freshwater prawn Macrobrachium rosenbergii shows three male morphotypes: blueclaw males (final stage having high mating activity), orange-claw males (transitional stage showing rapid somatic growth), and small males (primary stage showing sneak copulation). This morphotypic differentiation is considered to be controlled by androgenic gland hormone, which is probably a peptide hormone. However, its physiological roles are not fully understood. In the present study, we examined the correlation of androgenic gland cell structure to spermatogenic activity and morphotypic differentiation histologically in M. rosenbergii . Spermatogenic activity showed close correlation to the molt cycle in orange-claw males and small males. Spermatogonia increased in number in the late premolt stage, becoming spermatocytes in the postmolt stage, and spermatocytes differentiated into spermatozoa in the intermolt and early premolt stages. Ultrastructure of the androgenic gland was additionally compared among the molt stages, but, distinct histological changes were not observed in relation to spermatogenesis during the molt cycle. On the other hand, among the three morphotypes, the androgenic gland was largest in the blue-claw males, containing developed rough endoplasmic reticulum in the cytoplasm. These results suggest that, during spermatogenesis which is related to the molt cycle, the androgenic gland hormone is at rather constant levels and plays a role in maintaining spermatogenesis rather than directly regulating the onset of a specific spermatogenesis stage and that, during the morphotypic differentiation, the androgenic gland is most active in the blue-claw males and plays a role in regulating the observed high mating activity in M. rosenbergii .
INTRODUCTION
The androgenic gland was determined as a source of a masculinizing hormone first in the amphipod, Orchestia gammarella (Charniaux-Cotton, 1954) and later in the isopod, Armadillidium vulgare (Legrand, 1955; Katakura, 1961) , although the gland is differently situated according to species: It is found attached to the subterminal region of the sperm duct in amphipods and at the end of each testicular utricle in isopods. The existence of the gland has been confirmed in many crustacean species, and it is widely accepted that the androgenic gland secretes the hormone responsible for male sex differentiation in Crustacea (reviewed by Charniaux-Cotton and Payen, 1985; Katakura 1989) . Recently androgenic gland hormone was purified as a peptide hormone and its cDNA sequence was determined in A. vulgare (Martin et al ., 1999; Okuno et al ., 1999) .
In decapod crustaceans, the role of the androgenic gland has been studied by organ-ectomy and implantation. It has been revealed that it functions in male sex differentiation, e.g., gonadal sex differentiation and development of sex-specific appendages in the giant freshwater prawn, Macrobrachium rosenbergii (Nagamine et al ., 1980a, b) , the red swamp crawfish, Procambarus clarkii (Nagamine and Knight, 1987; Taketomi and Nishikawa, 1996) , and the crayfish, Cherax quadricarinatus (Khalaila et al ., 1999 .
In decapods, the androgenic gland hormone has not yet been purified, but it is considered to be a protein based on analogy with the isopod androgenic gland hormone and the histological characteristics of the gland in decapods . The development of rough endoplasmic reticulum (rER) in the cytoplasm of the androgenic gland has been correlated to male reproductive activities in several decapod species (King, 1964; Taketomi 1986; Taketomi et al ., 1990; Kim et al ., 2002) . These ultrastructural characteristics can be used as an index of secretory activity of the androgenic gland, as immunological and molecular biological methods to detect the androgenic hormone in decapods are not available thus far.
In male M. rosenbergii , three distinctive morphotypes have been recognized according to the color and length of claw and reproductive behavior: small males, orange-claw males, and blue-claw males (Ra'anan and Sagi, 1985; Kuris et al ., 1987) . Each morphotype has been shown to exhibit a different reproductive strategy. Small males have short claws, employ a sneak copulation strategy, and grow into orange-claw males. Orange-claw males show rapid somatic growth and do not mate. Orange-claw males further grow to become blue-claw males, which actively mate with mature females. Spermatogenic activity changes with morphotypic differentiation; it is high in small males and orange-claw males, but low in blue-claw males, the testes of which are filled with mature sperm and used for sperm storage (Sagi et al ., 1988) . This morphotypic differentiation has been shown to be under the control of the androgenic gland based on experiments using androgenic gland ablation (Sagi et al ., 1990) .
In addition to during the morphotypic differentiation, spermatogenesis activity is known to change during the molt cycle in M. rosenbergii . Thymidine incorporation rate (an index of DNA synthesis) in testes was high in premolt orange-claw males but low in intermolt orange-claw males and blue-claw males (Sagi et al ., 1991) . Treatment with 20-hydroxyecdysone (molting hormone) increased the rate of testicular thymidine incorporation, indicating that 20-hydroxyecdysone plays a role in regulating spermatogenesis (Sagi et al ., 1991) . However, the involvement of androgenic gland hormone and its relationship to spermatogenesis and the molt cycle has not yet been examined.
The main purpose of the present study was to determine whether the secretory activity of the androgenic gland changes during spermatogenesis in relation to the molt cycle in M. rosenbergii . For this purpose, we observed the development of rER in the androgenic gland, as an index of the secretory activity, at differing molt stages in the three morphotypes, and examined the correlation of the androgenic gland cell structure to the molt cycle and morphotypic differentiation.
MATERIALS AND METHODS

Animals
Male M. rosenbergii (118 prawns, 28-60 mm in carapace length) were obtained from local culture farms in Suphanburi, Thailand. The three morphotypes, small males, orange-claw males, and blue-claw males were determined by coloration, spination, and shape of cheliped (claw) according to previously reported criteria (Kuris et al ., 1987) . Body weight, carapace length, cheliped length, and propodus (claw) length and width were measured. Indexes of the chelipeds were calculated as follows: cheliped length (mm) / carapace length (mm) for relative cheliped length, propodus length (mm) / carapace length (mm) for relative propodus length, and propodus width (mm) / propodus length (mm) for relative propodus width. Testis and sperm duct samples were weighed in order to calculate gonadosomatic index (GSI) as 100 × testis and sperm duct combined weight (g) / body weight (g).
Molt stages were determined by observing the setal development of the pleopods under a light microscope (Okumura et al ., 1992) . The molt cycle was divided into 5 stages: postmolt (Stages A and B), intermolt (Stages C 0 and C 1 ), early premolt (Stages D 0 and D 1 ), late premolt (Stages D 2 and D 3 ), and ecdysis (Stage E). Ecdysis stage samples were not obtained due to the short duration of this stage. Blue-claw males at the premolt stages were not observed, as it is known that blue-claw males do not molt (Kuris et al ., 1987) . 
Histological procedures
Testes were dissected from the 118 males, and fixed with Bouin's solution for 24 hours. After dehydration through an ethanol and xylene series, the fixed samples were embedded in paraffin, and sectioned at 4 µ m thickness. Sections were stained with hematoxylin-eosin for histological observation under light microscopy.
The androgenic gland in this species is associated with the posterior region of the sperm duct (Nagamine et al ., 1980a) . Glands from half of the 118 males were fixed with Bouin's solution for light microscopy, and glands from the other half were fixed in ice-cold 2.25% paraformaldehyde and 2% glutaraldehyde buffered with 75 mM sodium cacodylate for transmission electron microscopy. For light microscopy, the fixed glands were embedded in paraffin as above. For transmission electron microscopy, the fixed glands were post-fixed with 1% osmium tetroxide, and embedded in epon 812 after dehydration through a series of ethanol, propylene oxide, and QY-1. Ultra-thin sections were stained with uranyl acetate and lead citrate. The sections were observed under a Hitachi H-7100 electron microscope at 75 kV or a JEOL JEM-100CX electron microscope at 80 kV.
Statistical analysis
Quantitative data are presented as the mean ± SD (standard deviation). Data were examined by one-way ANOVA, and differences between the means were assessed by the Tukey-Kramer multiple range test. Probability values of P <0.05 were considered statistically significant.
RESULTS
Morphotypes and gonadal development
Blue-claw males showed large blue claws, orange-claw males had relatively short, orange-blue claws, and small males had short and relatively unpigmented claws (Fig. 1) . Among the three morphotypes used in this study, blue-claw males were of the greatest body weight and carapace length, and small males showed the lowest ( P <0.05, Table 1 ). Relative cheliped length, relative propodus length, and relative propodus width were highest in blue-claw males and lowest in small males ( P <0.05), indicating that the development of the chelipeds occurred during morphotypic differentiation.
In blue-claw males, the reproductive system comprised of the testes and sperm ducts, was developed and GSI was significantly higher ( P <0.05, Table 1 ). In all three morphotypes, GSI did not change significantly in relation to the molt cycle ( P >0.05, Fig. 2 ).
Testes were composed of multiple lobes, and each lobe consisted of testicular seminiferous tubules (Fig. 3A) . In blue-claw males, the testicular tubules were replete with mature spermatozoa and contained a small amount of spermatogonia (Fig. 3B) . These histological characteristics of the testes did not differ between the postmolt and intermolt stages.
On the other hand, in small males and orange-claw males, the testes showed distinct histological changes during the molt cycle. In the postmolt stages A-B, spermatocytes occupied the major part of the testicular tubules, and the area occupied by spermatogonia were small (Fig. 3C,  G) . In the intermolt stage C, spermatocytes still occupied the major part of the testicular tubules in small males (Fig. 3H) , while spermatozoa filled the testicular tubules in orangeclaw males (Fig. 3D ). In the early premolt stages (D 0 -D 1 ), the area occupied by spermatogonia became larger in small males and orange-claw males (Fig. 3E, I ). The remaining space in the testicular tubules was occupied by spermatozoa, and almost no spermatocytes were observed. In the late premolt stages (D 2 -D 3 ), spermatozoa and spermatogonia still occurred in the testicular tubules (Fig. 3F, J) .
Androgenic gland cell structure during morphotypic differentiation
The androgenic gland is an organ attached to the sperm duct (Fig. 4A) . The glands consisted mainly of two kinds of cells, which are referred to here as type I and II (Fig.  4B) . The type I cells were relatively small, and their cytoplasm was deeply stained by hematoxylin. The type II cells were relatively large, and their cytoplasm was lightly stained by hematoxylin. Under electron microscopy, the cytoplasm of the type-I and II cells was filled with rER, indicating that these cells were active in producing proteins. In the type I cells, the rER in the cytoplasm was more condensed (Fig.  5A) . On the other hand, in the type II cells, the rER in the cytoplasm was less and often expanded. Electron density in the cytoplasm was low in some type II cells (Fig. 5B, C) . The two cell types are likely indicative of different phases of cell activity. Mitochondria were observed in both cell types, but distinct secretory granules were not observed.
The androgenic glands contained both cell types in all three morphotypes (Fig. 6) . The glands were largest in blueclaw males and smallest in small males. The ultrastructure of the type I cells was compared among the three morphotypes; type I cells showed a more typical protein-producing cell structure than did type II cells.
In blue-claw males, the rER in the cytoplasm of the type I cells was well-developed and consisted of developed lamellar membrane systems (Fig. 5A) , whereas it was less developed in orange-claw males and small males (Fig. 7) . Ultrastructural characteristics did not differ during the molt cycle in orange-claw males and small males (Fig. 7) .
DISCUSSION
The main finding of the present study is that the secretory activity of the androgenic gland does not show distinct changes during spermatogenesis related to the molt cycle in M. rosenbergii . This is shown by the result that the androgenic gland cells did not change in the development of rER in their cytoplasm during spermatogenesis in orange-claw males and small males. The lack of change in the ultrastruc- ture of androgenic gland cells suggests that androgenic gland hormone is at rather constant levels during spermatogenesis and plays a role in maintaining spermatogenesis rather than directly regulating the onset of a specific spermatogenesis stage during the molt cycle.
This hypothesis for the androgenic gland functions on spermatogenesis agrees with organ-ectomy and implantation experiments in this species. Androgenic gland ablation in males caused atrophy of testes, and androgenic gland implantation to juvenile females initiated spermatogenesis (even to spermatozoa) in the ovaries (Nagamine et al ., 1980a,b) , suggesting that androgenic gland hormone does not regulate a specific spermatogenesis stage but plays a role in preparing the testes structure and maintaining active spermatogenesis. On the other hand, as suggested by Sagi et al . (1991) , 20-hydroxyecdysone may stimulate the onset of spermatogenesis, induction of DNA synthesis, in spermatogenic tissue prepared under the control of androgenic gland hormone.
In blue-claw male, rER in the androgenic gland cell cytoplasm developed most highly, and the gland was largest, indicating that the activity of the gland is highest in such males. Similar results were reported previously (Okumura et al ., 1997; Sun et al ., 2000) . These previous reports observed ultrastructure of androgenic gland cells in intermolt animals, while the present study observed the ultrastructure in animals from postmolt stage to late premolt stage to provide a better understanding of androgenic gland functions during morphotypic differentiation. Blue-claw males show the most developed reproductive systems filled with mature spermatozoa, the highest mating activity, and the largest claws among the three morphotypes (Ra'anan and Sagi, 1985; Sagi et al ., 1988) . Furthermore, the androgenic gland is known to affect male behavior in decapod crustaceans (Barki et al ., 2003) . Along these lines, the androgenic gland may be involved in changes in reproductive activity and claw development during morphotypic differentiation.
The present study found that the spermatogenic activity in testes histologically changed during the molt cycle in small males and orange-claw males. This result confirms and extends the previous study with orange-claw males (Sagi et al ., 1991) . This histological change in spermatogenesis suggests that mating activity becomes high in intermolt animals having testes filled with spermatozoa, although only small males actively mate.
Androgenic gland hormone is considered to be a protein; however, the secretory granules were indistinct in M. rosenbergii androgenic gland cells. Similar observations were reported in other decapod species and isopods (Hasegawa et al ., 1993) . Recently, in A. vulgare it was reported that the rapid-freezing and freeze-substitution method is suitable for fixation and dehydration of the gland because of the vulnerable structures of the cells (Negishi et al ., 2001 ). This technique may also improve the ability to reduce damage to the fine structure of the androgenic gland in M. rosenbergii , although it was not attempted in the present study.
A relationship between the androgenic gland cell structure and spermatogenesis in the reproductive season have been reported in P. clarkii and Macrobrachium nipponense (Kim et al ., 2002) . These results seem to be inconsistent with those of the present study. In these species, spermatogenic activity is high during springfall and low in winter. Environmental factors such as temperature and nutrition change seasonally, and may affect androgenic gland activity. Thus, the correlation of androgenic gland structure to spermatogenesis likely differs between during the molt cycle and during the annual cycle.
The present study is based on histological observations of the development of rER in the androgenic gland cells; however, the ultrastructure of androgenic gland cells is likely to be related not only to the secretory activity but also to the cell growth activity. While histological observations have provided new information concerning the functioning of the androgenic gland, more specific methods are required for further investigation of its role. In A. vulgare , after purification of the androgenic gland hormone, a recombinant hormone was produced , and the distribution of the hormone was immunohistochemically determined to be limited to the androgenic gland using a specific antibody raised against the recombinant hormone ( Hasegawa et al ., 2002) . Immunological methods for examination of androgenic gland function are not currently available in decapods as the androgenic gland hormone has not yet been purified in any decapod species.
In conclusion, during spermatogenesis which is related to the molt cycle in M. rosenbergii , the androgenic gland secretory activity is likely to be static rather than showing dynamic changes. The activity seems to be highest in blueclaw males, suggesting that the androgenic gland plays a role in regulating mating activity in blue-claw males. For further investigation, purification of the hormone is an essential key. The present study provides useful information for potential purification techniques. The active androgenic gland in blue-claw males may be used as a purification source. Morphotypic differentiation may be suitable for bioassay of the androgenic gland hormone activity rather than spermatogenesis, because secretory activity is more likely related to morphotypic differentiation.
